We demonstrate fabrication of structurally regular, nanoscale organic light-emitting diodes ͑OLEDs͒ using room temperature imprint lithography ͑RTIL͒. An insulating polymer layer spin-coated onto indium-tin oxide ͑ITO͒ glass is patterned by RTIL, followed by etching with an oxygen plasma to define the light-emitting area for the fabrication of OLEDs with 80 nm linewidth. The process of etching by oxygen plasma leads to an oxygen treatment of the exposed ITO surface and brings about the beneficial effects of the treatment. A regular periodic structure of the polymer that results from the patterning scatters the emitted light, resulting in a small shift in the electroluminescence spectrum and anisotropic far-field radiation intensity. The nanoscale patterning is found not to affect the luminance.
I. INTRODUCTION
Organic light-emitting diodes ͑OLEDs͒ have received much attention because of their potential application to flat panel displays. Various approaches to patterning for OLEDs have been taken for the fabrication of high-resolution fullcolor displays. These include photolithography, use of shadow mask, inkjet printing, laser photoablation, and soft lithography. [1] [2] [3] [4] [5] [6] However, these techniques are yet to show fabrication capability for sub-100 nm size OLEDs. The availability of emitting structures of this length scale could, in principle, lead to various high-resolution optical devices such as photonic devices and distributed feedback lasers. 7 An adaptation of nanosphere lithography combined with selfassembly process has been used to fabricate structurally regular OLED arrays at the sub-100 nm scale. 8 However, the pixel area cannot be defined in a way suitable for the display because the self-assembly allows only hexagonally closepacked microbead array. The original imprint lithography, also known as hot embossing, has been used for a high resolution (Ͼ200 nm) patterning of some of small molecule and polymer light-emitting materials. 9 They found that the photoluminescence ͑PL͒ from these patterned organics did not show degradation effects when patterned in vacuum but resulted in a significant loss in PL efficiency when the patterning was carried out in air.
Room temperature imprint lithography ͑RTIL͒ 10 is particularly suitable for the fabrication of organic devices including OLEDs in that no thermal effects are caused by the room temperature processing. This RTIL has the unique features of enabling step and repeat and multiple imprinting over a large area, which is impossible with the original high temperature imprint process. An approach taken here is to use RTIL for patterning of an insulating polymer layer on the underlying electrode such as indium tin oxide ͑ITO͒ glass with the step and repeat scheme in fabricating sub-100 nm scale OLEDs. In this work, RTIL is used in air environment.
This method does not involve direct patterning of the emissive layer that can potentially compromise emission properties of the material. Figure 1 shows the device configuration in which ITO is the anode, polystyrene ͑PS͒ is the patterned insulating layer, poly͑3,4-ethylenedioxythiophene͒ is the hole-injection layer, N,NЈ-bis-͑1-naphthyl͒-N,NЈ-diphenyl-1,1Ј-biphenyl-4,4Ј-diamine is the hole conducting layer, and tris͑8-quinolinolate͒ aluminum (Alq 3 ) is the light-emitting layer, and the stacked LiF/Al is the cathode. PS has a very good etch-resistance, which is essential for pattern transfer processes such as reactive ion etching ͑RIE͒. 11 The device was fabricated in such a way that the successive layers are: ITO/ patterned-PS͑150 nm͒:PEDOT ͑50 nm͒/NPB (50 nm)/Alq 3 ͑50 nm͒/LiF ͑1 nm͒/Al ͑100 nm͒. In the fabrication, ITOcoated glass substrate was cleaned in the usual way. 12 PS is dissolved in toluene, spin-coated, and then annealed. The PS layer was pressed with a patterned mold at room temperature in air environment and the imprinted layer was etched by RIE to expose the underlying ITO surface for the patterning of the anode, which resulted in the PS dots in Fig. 1 surrounded by exposed criss-crossing ITO aisles. The mold was a silicon wafer piece, 1ϫ1 cm 2 in size, on which an area of 5ϫ5 mm 2 had been patterned by e-beam lithography for a repeating line ͑80 nm͒ and space ͑450 nm͒ pattern. The PScoated substrate was imprinted for a period of 5-20 s at a pressure between 30 and 150 MPa. The residual PS in the compressed region was etched by an oxygen RIE ͑100 W, 5ϫ10
II. EXPERIMENT
Ϫ2 Torr) to open the underlying ITO surface. The displaced polymer piles up on the edges of the depressed lines during the imprinting but this pile up did not present a problem in the subsequent etching. The exposed ITO aisles have a width of 80 nm. PEDOT was then spin-coated onto the patterned PS layer. Since PEDOT and ITO are hydrophilic whereas PS is hydrophobic, a 50 nm PEDOT layer formed only on the aisles between dots and no PEDOT covered the PS dots. Author to whom all correspondence should be addressed; electronic mail: honghlee@snu.ac.kr A quartz crystal oscillator was used to measure the thickness of the deposited organic layers. A constant current source was used to drive the OLEDs in a dry argon glove box, with the drive voltage and the light output monitored. The luminescence-current density-voltage characteristics were recorded simultaneously by a system of photodiode, dc power supply ͑HP 6625A͒, and multimeter ͑HP 34401A͒. Angle dependent electroluminescence ͑EL͒ spectra were recorded with a fiber coupled charge coupled device spectrometer ͑Darsa Pro-5000͒. Atomic force microscopy ͑AFM͒ and scanning electron microscopy were used to examine patterned structures. OLEDs with the conventional device structure without the patterned polymer film were also fabricated so that a comparison could be made between the devices processed in the same way.
III. RESULTS
The pattern formed by RTIL followed by the oxygen RIE is shown in Fig. 2 . The figure shows the cross-sectional SEM micrograph ͓Fig. 2͑a͔͒ and a tilted view of the dot array ͓Fig. 2͑b͔͒. The cross-sectional micrograph reveals that the 80 nm lines were well imprinted but the edges of the PS square dots were rounded in the RIE processing. To obtain the dot pattern, the PS layer was imprinted first with a mold having a line ͑80 nm͒ and space ͑450 nm͒ pattern ͑step 1͒. The same region was imprinted again with the same mold but this time with the mold rotated approximately 90°with respect to the pattern that had been imprinted ͑step 2͒. In this multiple imprinting scheme, the plastic deformation of polymer in step 1 may affect the second step, or vice versa. However, we can manipulate the processing parameters, such as pressing pressure and polymer film thickness or RIE condition for the purpose of maintaining the fidelity of the multiply imprinted pattern. The imprint quality was assessed by AFM. The rootmean-square ͑rms͒ roughness of the surface of the groove bottoms was between 4 and 6 nm.
The current-voltage and luminance-current characteristics are shown in Fig. 3 for two reference devices and two types of patterned device. When the reference device ͑closed circles͒ is fabricated on the ITO-glass that was treated by an oxygen plasma ͑100 W, 5ϫ10
Ϫ2 Torr), the turn-on voltage is reduced to 3 V, when compared with the same reference device without the treatment ͑closed triangle͒, and the luminance improves dramatically. 13 One beneficial effect of patterning the insulating layer of PS by the oxygen plasma is that the etching results in an oxygen plasma treatment of the exposed ITO surface. When the PS film patterned with RTIL is etched by oxygen RIE, an overetch is performed to overcome the problem with the aspect ratio dependent etching and film thickness variation in removing the polymer remaining in the compressed regions. The plasma-treated device was used as the reference device for comparison purposes.
The results in Fig. 3 show that the characteristics of the patterned devices are similar to those of the plasma-treated reference device. It should be noted in this regard that both the current density and the luminance are normalized with respect to the emissive area. The normalized results are consistent in that the device with the insulating PS that was patterned once ͑step 1͒ yields almost the same current density and luminance ͑open circles͒ as the device patterned twice ͑step 2: open rectangles͒ when normalized with respect to the emissive area, the emissive area for ''step 2'' device being approximately twice that for ''step 1'' device. This fact indicates that the injection characteristics are not influenced by the patterning. The light emission from the array of criss-crossing 80 nm aisles of light-emitting diodes is shown in Fig. 4͑a͒ . The resolution of individual pixel or aisle is beyond the diffraction limit of the conventional optical microscopy and therefore individual diodes cannot be recognized. The emission spectra from the devices at normal angle shown in Fig. 4͑b͒ , however, reveals differences between the reference device ͑open rectangles͒ and the patterned device ͑closed circles͒. A slight shift in the electroluminescence ͑EL͒ spectrum results from the patterning and two EL peaks emerge. To further investigate the peak split and shift, a grating with 200 nm line and 400 nm space ͓Figs. 2͑c͒ and 2͑d͔͒ was fabricated and the emission spectra were obtained. The result is given in Fig. 4͑c͒ as a function of viewing angle. The EL spectra were recorded with a detector that was rotated in the plane normal to the direction of the grating. As the viewing angle increases, it becomes more apparent that the peak at 537 nm splits and shifts. This result tells us that the light is waveguided and the grating allows the trapped propagating light within the ITO and organic layer to be scattered out of the grating. Similar angular distribution dependence due to scattering has been observed in the EL spectra of ͓poly͑2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔͒ ͑MEH-PPV͒ on photoresist gratings where the lateral wavelength scale microstructure in the form of a corrugation is integrated into the light emitting layer.
14 In general, microcavity effects can lead to a shift in emission wavelength. The effects result in not only a shift in the wavelength but also a narrower spectrum half-width. 15 Since the latter was not observed in our emission spectrum, it is difficult to ascribe the shift only to the microcavity effects.
The comparison between the patterned and nonpatterned diodes does not reveal any miniaturization effects in terms of current density and luminance. This result shows that the miniaturization of OLEDs to sub-100 nm scale does not lead to carrier or exciton confinement effects.
The characteristics of the emission from the device with the grating of 200 nm line and 400 nm space were obtained on the basis of far-field profiles. Figure 5 shows the far-field profiles of the patterned device ͑step 1͒ as a function of emission angle within a viewing cone of 60°under the same injection current condition with the detector moving in the plane normal to the device. The profiles obtained when scanned in the direction perpendicular to and parallel with the grating lines are given in Figs. 5͑a͒ and 5͑b͒, respectively. It can be seen that the emission profiles from the nonpatterned device ͑dashed curves͒ closely follow the Lambertian pattern. It can also be seen for the patterned device ͑solid curves͒ that the emission in air is more concentrated in the normal direction according to the far-field profile along the parallel direction whereas it is less concentrated along the perpendicular direction. The dependence of emission spectra on observation angle and direction has been attributed to retardation effect, 16 in which the luminescence intensity is influenced by the parts of the retardation field of the luminescent molecule reflecting at the grating boundary. By varying the pitch and depth of the gratings, it would be possible to modify the spectrum of the emitted light.
IV. SUMMARY
RTIL has been demonstrated to be a suitable technique to pattern OLEDs. The pattern transfer for nanometer size structures has been found to be satisfactory at the 80 nm level. It has been shown that the 80-nm-size device yields essentially the same current density-voltage and luminance characteristics as the non-patterned device when the decreased emissive area and the oxygen plasma treatment of ITO surface are taken into consideration. However, the presence of a periodic structure causes a slight shift of EL spectrum and anisotropic far-field radiation due to scattering. The results presented shows that the RTIL technique can be utilized for applications where nanoscale optical devices are needed.
